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1.0 Abstract

This paper quantifies a way of
maximizing a satellite link’ s bit rate once
the transmitted Effective Isotropically
Radiated Power (EIRP) of the satellite
antenna is fixed. This maximization is
done by fully utilizing the flexibility
offered by some of the link variables. A
practical scheme of achieving the
maximum is discussed, and the result is
compared with the theoretical maximum.

2.0 Introduction.

Generdly, the power available to cvery
satellite subsystem is at a premium. A
link design is usually done to optimize
the power available to the
tclecommunications subsystem (Radio
Frequency Subsystem, RFS) and to
determine the bit rate to be used to
transmit the data at reasonable data and
carrier margins.

The satellite EIRP is fixed when the
satellite transmitting antenna, the signal
frequency, and the RF power radiated by
the antenna are fixed. Generaly, using
the satellite EIRI?, abit rate is computed
for acceptable link margins in the
satellite link budget. The largest loss a

link usually suffers is the propagation
loss or space loss. The space loss goes
through a cyclical variation for the 1 .ow
1 ‘arth Orbiter (1 .EO) links; it is nearly
constant for the Geostationary Earth
Orbiter (GEO); and the rate of change is
little for the Dcep Space (1DS) satellite
links. For the circular orbits common to
110 satellites, the 10ss is largest when
the satellite first becomes visible to the
ground-station receiving antenna. The
loss is least when the satellite is at the
highest elevation angle to the receiving
antenna and then rcaches another peak
when the satellite disappears over the
horizon, as viewed from the ground
station. This phenomena occurs because
the satellite is closest to the receiving,
antenna when its orbit brings it to the
maximum elevation angle of the
receiving antenna. 1t should be noted that
this paper assumes an omni directional
antennaon the satellite.

As the elevation angle to the receiving
antenna increascs, the propagation path
through the atmosphere shortens and
atmospheric  losses  correspondingly
decreases. This is true for DS and 1L.1EO
satellite links alike. Although this gain is
not very much, it should be exploited,
especially if the link margins arc not
particularly high. The third link variable



that can be utilized to optimize the data
rate selection is the receiver system
temperature variation, which goes hand
in hand with atmospheric losses. I hese
effects are described Mow along with a
method that utilizes the available power
to increase the data rate, where possible.
The variable data rate becomes necessary
to maintain cost control of the satellite
project ,

3.0 Theory

Although this theory can be developed
for  circular, elliptical, or 1)S
(interplanctary) orbits, without loss of
generality, we will use the circular orbit
for illustration. Figure 1 shows the
geometry of a circular orbit. The ground
station will be assumed to be on the
equator and the satellite will be assumed
t 0 Dbe in the cquatorial planc. These
assumptions are made only to make the
computations tractable and they arc not
absolutely essential for the conclusions
that follow.
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The ground station-to-satellite
instantaneous range is a function of the
satellite’'s position relative to the
receiving ground station antenna and the
Farth's rotation. From Figurel it is
obvious that the range is greatest when
the receiving antenna elevation angle is
at aminimum. It should be noted that the
practical minimum elevation angle at
which satellite communications can be
established depends upon the landmask
of the ground station antenna site. As an
example, the National Aeronautics and
Space  Administration (NASA)/Jet
]’ repulsion l.aboratory (J]’],) tracking
station located at the Goldstone complex
has a landmask of about 6 degrees. in
Figure 1, oo is the €elevation angle, h is
the altitude of the satellite, r¢ is the
liarth's radius (Earth is assumed to be
completely spherical with a radius -
6378 km), and R is the range. Using
plane geometry, wc can easily calculate
the range using the following equation:

Range at antenna clevation angle o, R(a)

R(a)= - reSin(a) 4 \[I‘g‘Sinz(aH h(h+ 25,)

With o =« max range & R(0 . )

min’
)
H l‘max

With o T 0, R(amin) = \/h(lH 215),

with & = 90 deg, zenith range = h = altitude

D)

Figure 2 shows the satellite-to-ground
station range as a function of the
1cceiving antenna elevation angle. The
propagation loss is a function of the




range and frequency of the link and is
given by

2
Propagation Loss & Lp = (-4 n('](f)
(2)

where R = R(o) is the range (km), f is
the frequency (Hz), and ¢ is the velocity
of light (km/s).
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Figure 2.
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Variation of rangeas a
the receiving antenna

Substituting the formula for range into
equation (2), we obtain the propagation
loss for the circular orbit as a function of
the recelving antenna elevation angle.
Since the range appears in the
denominator, the propagation 10ss will be
larger, (the ratio will become smaller)
and the received power at the antenna
terminals will be lesser. Thus the
smallest propagation 1oss the link will
experience is at the minimum range in
the satellite orbit. Normalizing the loss
by the maximum loss and converting the

<

ratio into decibels, we obtain the

following formula:

L Rlo .
0 I,(zglo[“'(‘m"“)J (dB)

L pmax R(a)

(3)

Although the normalized propagation
10ss varies considerably for 1 1O
satellites, this normalized loss varies
only dlightly for DS satellites (for a day
or small amounts of time) and is zero for
the GO satellites. GFO satellites will be
excluded from further discussion because
neither the satcllite distance from the
receiving  station  nor  the antenna
elevation angle changes appreciably. The
range is a function of the satellite’s
position in its orbit and can be converted
into the receiving ground-station antenna
elevation angle, which may be converted
into time. For the DS satellite, the
percentage range may not change
appreciably;  JIOWCVCY',  the  Earth's
rotation produces a variation in the
antenna elevation angle. Continuing the
cxample of the equatoria circular orbit
satellite with the recelving station on the
equator, and assuming that the time
count starts when the satellite first
becomes visible to the ground station
antenna, the time for any elevation angle,
to. May Le calculated using the angle
subtended at the FLarth's center as
follows:

with
min

= 0 scc,
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Where 6, = Cos
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(4)

where pis Kepler's constant and has the
value 398,613.52 km3/s2, a + sign is
uscd for arctrograde satellite and a - sign
for a prograde satellite.

in the case of aDS satellite, if the
satellite is in the orbital plane of the
planets, and time count starts a the
moment the satellite becomes visible to
the ground station, then time and
elevation angle of the receiving antenna
can be described approximately by Fq
(4), but with 43200 replacing Ty, The
sam¢ formula can also be used %or an
elevation angle of 90 to 180 degrees, by
having o = elevation angle -90. It should
be noted that for both 1.EO and DS
orbits, if the latitude of the ground
station is not O degrees or the orbit isnot
in the equatoria plane, a more involved
effort will be needed to obtain time as a
function of the receiving antenna
elevation angle.

The maor contributing factors to system
noise temperat ure are weather condit i ons

around the receiving antenna, the
frequency used by the link, temperature
of the antenna itself, recelver system
components such as the l.ow Noise
Amplifier (1 .NA), and the receiver noise
figure. After taking measurements of the
noise tempcraturcs at the receiving
station for extended periods of time, we
can produce a weather model for that
particular station site, The weather model
employed by NASA/J P, for its tracking
stations will bcusedin this paper. This
model is described in greater detail in
Ref. 1; however, it will be reproduced
here in sufficient detail to be uscful for
our purposes. The model uses the
measurcd values of atmosphere noise
temperature and attenuation at zenith as a
function of weather condition or
cumulative weather distribution, (CD)
around the antenna. Using the tabulated
data, the mean physical temperature of
the atmosphere is modeled as

Ty = 265415 CD (K)
(5)

It should be noted that the maximum
valuc of the physical temperature is 280
(K). This clearly shows the subjective
nature of the model in terms of the
station site. The atmospheric attenuation
Is a function of the antenna elevation
angle and is given by the following
equation:

Ale)y=-A 7" (dB
@=Ly

(6)

where Ay is the zenith atmospheric




attenuation measured in dB and o is the
antenna elevation angle. Given this
information, the noise temperature due to
the atmosphere, T,(y. Can be ¢ alculated
by using the following formula

T (@) = Tp[]_10A(a)/10’| (K)
(7)

It should be noted hat ' 5y, is the
temperature increase and should be
added to the systcm noise temperature to
get the total system noise temperature.
Similarly, the cosmic background noise
temperat ure contribution (Ref. 1) can be
computed as

Te(o) = 10N O (¢
(8)

The factor C has a value ranging from 2
to 2.7 depending upon the frequency
used for the link. Cosmic background
noise is not appreciable (generally below
5 K) and hence will be dropped from
further consideration. The atmospheric
atenuation and system temperature
increase are functions of thc antenna
elevation angle, and each of these effects
reaches a maximum when the ¢l cvati on
angle is a minimum, usually the
landmask angle of the antenna.

Dividing each of the effects by their
respective maximum, converting them to
dB, and adding them to Eq. (5) produces
Eq. (9) which shows the variation of the
link losses according to changing
elevation angles. As the clevation angle
increases from horizon to zenith, the

power attenuation experienced by the
link decreases to a minimum. Since the
satellite radiates a constant EIRP, as the
losses decrease, extra power becomes
avallable for the link. This additional
power results in a better performance 01
decreased bit crror rate at the receiver.
Keeping the bit-error rate and the link
margins at a desired level, as the antenna
elevation angle increases, the freed
power may be used to increase the
transmitted data rate. Thus Eq. (9)
precisely equals the ratio (in dB) of the
bit rate of the link at a given elevation
angle and the bit rate at the lowest
possible elevation angle (generaly the
landmask angle) at which the link is stiil
feasible.
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Figure 3 plots the bit-rate ratio defined in
Eq. (9) mdB versus the elevation angle
(using the previous convention for
clevation angle). The parameter of the
graph is the altitude of the satellite which
has values 200, 500, 1000, 1 S00, 2000
km. and «, is assumed to bc 6 degrees.
In every case, when the antenna is
pointed to the zcnith i.e., at 90 degrees
elevation angle, the bit-sate ratio peaks
because losses are at a mintmum at this
elevation angle. For example, at a
satellite altitude of 1000 km, the peak of
normalized bit-rate is about12 dB. | his
implics that, with the same link margins,
the bit rate at the zenith could be about




fifteen times the bit rate at the landmask
angle. The bit rate ratio becomes more
peaked as the dtitude of the satellite

deccreases.
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Figure 3. Normalized bit rate versus

the receiving antenna elevation angle for
| 120 satellites.

Using Lq. (4), wc can redraw Figure 3
with the bit-rate ratio as a function of
time, The time count starts when the
satellite first becomes visible to the
receiving station antenna at the landmask
angle and stops when the satellite
disappears over the horizon.

Figure 4 shows these curves. It should be
noted that the x axisistime, they axisis
not indB, and The visibility time
changes for different satellite altitudes.
1 lowever, the antenna elevation angle
can only vary from the landmask angle to
the zenith or 90 degrees, which is same
for any altitude of the satellite.
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1gure 4.  Normalized bit rate versus
time.

Figure 5 draws Eq. (9) minus the space
loss term versus the elevation angle, with
the landmask angle still at 6 degrees. It
shows the bit-rate increase possible for a
DS satellite as the antenna clevation
angle varies from landmask angle to the
zenith and back. While the range does
not change at all (or much) with the
elevation angle, the alowable bit-rate
increases with system noise temperature
and atmospheric effects.
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Figure 5. Normalized bit rate versus
receiving antenna clevation angle for a
DS satellite.



4.0 Communications Link Bit-
Rate and Bit-Transmission
Efficiency

The previous equations show that losses
encountered by the link are reduced as
the ground receiving antenna’s elevation
angle increases from horizon to zenith.
This gain in power may be used by the
link to improve the bit-rate. Figure 4
shows the increased bit-rate normalized
by the lowest supportable bit rate at the
desired link margins. To fully usc the
gain advantage, the satellite must have a
continuously variable bit rate, as shown
by curves of Figure 4. Since it may be
difficult to achieve a continuously
variable data rate in the satellite
circuitty, we can approximaec the
variable bit rate by a stepped
approximation of the curve i.e., usc afew
switchable bit rates. Figure 6 shows four
satellite bit rates at an altitude of 1000
km. It should be noted that the area under
the curve multiplied by the lowest bit
rate at the landmask angle at the desired
link margins provides the total number of
bits received in a simgle pass of the
satellite.
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time with the switchable bit rates

The figure demonstrates that the area
under the switchable bit rates is smaller
than that under the continuous curve, this
leads to the following definition of bit
rate efficiency

Bit Transmission Efficiency @ n

_Total Numberof 1 3its Received by the GroundStation
Maximum Numberof 13its PossibleOver the 1 ink

(lo)

Using a normalization factor cqual to the
minimum bit rate possible for the link at
the landmask angle, the definition of the
bit-transmission  efficiency can be
modified to

Rit Transmission Efftcicncy = 7

. Normalized Tota) Number of Bits Reecived by the Ground Station
Normalized Maximum Number of Bits Possible Over the Link

(1)

If f(t) is the function defined by Iq. (9)
converted to a number from dB, the
denominator of the above equation can
be calculated as:

Lacuith

Normalized Maximum # of Bits= [ f(1)dt
0
(12)

Figure 7 plots Iiq. (12) and the visibility
time as a function of the satellite atitude
‘1 ‘0 select switchable bit rates, one may
select an equal amount of time for each
of the bit rate (a fixed number) to remain
active and then compute the efficiency.
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Figure 7, Normalized total number of
bits and visibility of satellite versus
satellite altitude.

This procedure may not yield optimal
arrangement in terms of the bit-rate
efficiency when the number of
switchable bit rates is small, but it gives
reasonably good efficiency for larger
numbers of bit rates. It should be noted
that the equal time for each bit rate does
not necessarily mean an equal traverse of
the receiving antenna.

Assuming that there arc n bit rates
available to the satellite
transmitter/tran sponder and that the bit
rates will remain active for equal
amounts of time, At= tjy1- t;, the bit-
transmission efficiency can be given as

n
Atil+ Y y.
i=11"1 .
n=- 4 - =) Lgy& (=1
zenith n
Jf(t)at
0

(13)

Factor y,,which is not in dB, is defined
in Figure 6. With a large enough number
of bit rates that allows the trapezoidal
rule to be used to generate the arca under
the curve, the efficiency formula
becomes

n
14 > y.
i=1"1
n=- n
1+ 2izf]yi +y,
(14)
Factor y, can be calculated (y, is the
value of y at the zenith) using the
following procedure:

T2 -- -nap X
2n(n+41)

3

T Cos | _R(amin) Cos(oriny)
2 .+ h

The variable ®,5;, was defined carlier

Cos™] (,R(amin ) ('OS(amin ) ]

1o+ h

[]-{ vlll JSin(Ol. )--1
o = Tan” 1|\ e
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(15)

Figure 8 plots Eq. (11). in this figure, the
number of bit rates on the x axisisin
addition to the bit rate feasible when the
satellite first becomes visible to the
receiving antenna. in actual practice, the
number of switchable bit rates will not
be the same for the rising and setting of
the satellite, depending upon the
ellipticity of the orbit, the orbital
inclination, and the ground-station
latitude. However, the procedure of
finding the bit-rate efficiency essentially
remains the same.
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Figure 8.  Bit transmission efficiency

versus the number of bit rates.

§.0 Conclusions

The factors affecting the determination
of asatellite link bit rate were presented.
Idedlly, to realize the 100 percent bit

transmission efficiency one needs a
continuously variable bit rate, the paper
presented the nccessary variation of the
bit rate. Figure 6 shows that for a
satellite at an altitude of 1000 km, can
have a over 80°A bit-transmission
efficiency with five or more switchable
bit rates. The same procedure can be
applied to compute the number of
switchable bit rates necessary for any
given dtitude of the satellite.

REFERENCES

1. “Atmospheric Attenuation and Noise
Temperature," Deep Space

Handbook, 11810-5, Rev. D, Volume 1,
1C1-40, Rev. C, pages 3-7.



